Sequential infection with different strains of human immunodeficiency virus type 1 (HIV-1) is a rarely identified phenomenon with important implications for immunopathogenesis and vaccine development.
Here, we identify an individual whose good initial control of viremia was lost in association with reduced containment of a superinfecting strain. Subject 2030 presented with acute symptoms of HIV-1 infection with high viremia and an incomplete seroconversion as shown by Western blotting. A low set point of viremia (ϳ1,000 HIV-1 copies/ml) was initially established without drug therapy, but a new higher set point (ϳ40,000 HIV-1 copies/ml) manifested about 5 months after infection. Drug susceptibility testing demonstrated a multidrug-resistant virus initially but a fully sensitive virus after 5 months, and an analysis of pol genotypes showed that these were two phylogenetically distinct strains of virus (strains A and B). Replication capacity assays suggested that the outgrowth of strain B was not due to higher fitness conferred by pol, and env sequences indicated that the two strains had the same R5 coreceptor phenotype. Delineation of CD8
؉ -T-lymphocyte responses against HIV-1 showed a striking pattern of decay of the initial cellular immune responses after superinfection, followed by some adaptation of targeting to new epitopes. An examination of targeted sequences suggested that differences in the recognized epitopes contributed to the poor immune containment of strain B. In conclusion, the rapid overgrowth of a superinfecting strain of HIV-1 of the same subtype raises major concerns for effective vaccine development.
The global distribution of circulating recombinant forms of human immunodeficiency virus type 1 (HIV-1) M group strains and the high prevalence of intersubtype recombinants in some areas where multiple subtypes are common (reviewed in reference 35) demonstrate that dual infection with different strains of HIV-1 occurs. However, specific examples of dual infection have been documented clearly in only a few cases. Most of these examples have been observations of chronically infected patients with two different subtypes in countries where more than one subtype is prevalent (4, 7, 30, 37, 38) , and a few examples of intrasubtype B dual infections have been described (14, 40, 41, 51) . Whether these dual infections occurred as coinfections or superinfections is unknown, and the influence of cellular immunity on coexisting viruses has been largely undefined.
A few cases of superinfection, usually involving superinfecting strains that differ in antiretroviral drug susceptibility from the initial variant, have been identified. One individual was initially infected with a strain of HIV-1 belonging to clade CRF01_AE and, after a series of therapy interruptions, became superinfected with a B subtype strain (21) . Another individual was initially infected with a drug-resistant strain but became superinfected in the absence of therapy with a drugsensitive strain of the same subtype (23). One study explored the possible role of cellular immune responses in an individual who was undergoing structured treatment interruptions and had achieved relatively stable control of viremia, subsequently becoming superinfected with another B subtype strain and suffering an acute rise in viremia (2) . However, data regarding the role of cellular immunity in superinfection in the absence of drug therapy have been lacking.
We have studied a subject who was initially infected with a multiply drug-resistant strain of HIV-1 subtype B. He controlled the initial infection well in the absence of antiretroviral therapy but became superinfected 4 months later with a second, drug-sensitive strain and showed a marked rise in viremia. Detailed genetic and immunological characterization showed that cytotoxic T-lymphocyte (CTL) responses against the first strain waned with outgrowth of the second strain. The failure of immune containment of the second strain despite early infection and an initially effective HIV-specific CTL response
RESULTS
Clinical presentation and course of subject 2030. Subject 2030 presented with an acute syndrome of fever, rash, myalgia, cervical lymphadenopathy, oral ulcers, and headache of 10 days duration. Upon presentation, he had a positive serum ELISA for HIV-1 antibodies, a borderline Western blot for HIV-1 (bands for gp160 and p24 only), a peripheral blood CD4 ϩ -T-lymphocyte count of 396 cells/l, and viremia of approximately 300,000 HIV-1 copies of HIV RNA/ml of plasma. Subsequently, the viremia decreased to an initial set point of approximately 1,000 copies/ml, and the CD4 ϩ -T-lymphocyte count rose to over 600 cells/l (Fig. 1) . However, after this period of relative stability following acute infection, plasma viremia rose sharply to a new plateau of approximately 30,000 to 40,000 copies/ml at 5 months after presentation, with a concomitant decline in the CD4 ϩ -T-lymphocyte count to about 450 cells/l. Subject 2030 reported ongoing high-risk sexual exposures, raising the possibility that this acute change in set point could be due to HIV-1 superinfection.
Dramatic shift in HIV-1 phenotype and genotype indicating infection with two distinct strains. Phenotypic testing revealed that the initial infecting virus was resistant to multiple drugs (Fig. 2) . The 50% inhibitory concentration of drug (IC 50 ) of the baseline sample was 50-fold higher than the wild-type control HIV-1 NL4-3 for zidovudine, approximately 160-fold higher for delavirdine, and 13-fold higher for nelfinavir. The pol genotype revealed multiple resistance-associated mutations in both protease (PR) and RT: V77I and L90 M in PR; and M41L, K103N, Y181C, T215F, and an insertion of two serine amino acids at position 69.
When viremia rose at month 5 ( Fig. 1) , this initially drugresistant phenotype abruptly shifted to a phenotype that was susceptible to all tested drugs (Fig. 2) . Genotyping at this point revealed none of the prior drug resistance mutations and showed distinct variations at polymorphic sites other than those associated with drug resistance. A phylogenetic analysis of protease and reverse transcriptase for this subject, and for control subjects in the same area with acute HIV-1 infection within the year, confirmed that the initial virus strain (A) and Recombination between strains A and B. Very little viral sequence diversity accumulated in the first three months of infection, with the exception of amino acid position 215 in RT. At month 4, the consensus sequence contained a series of mixtures at both synonymous and nonsynonymous positions, clustered between amino acids 190 and 300 in RT. These mixtures generally contained one nucleotide identical to the consensus sequence from the first 3 months (strain A) and another nucleotide corresponding to the subsequently distinct consensus sequence at 6 months (strain B; Fig. 4 ). The most parsimonious reconstruction of the month 4 pol genotype therefore was a mixture of two distinct sequences, one from strain A and a second recombinant of strains A and B. Only at amino acid 215 in RT, where one of the parental alternatives (T) was not detected, was this reconstruction ambiguous. This was the first evidence of the presence of strain B in Subject 2030 and the only evidence of recombination between the two infecting strains detected in this study.
Reduced replicative capacity of pol in strain A compared to strain B. The phenotypes of the pol genes from the two strains were compared also by using the ViroLogic replication capacity assay (Fig. 5) . This assay correlates significantly with in vitro fitness and usually, in the context of drug resistance, with plasma viremia (9) . The assay compares the number of infective particles produced (in the absence of drug) by recombinant viruses containing subject-derived gagp7-RT segments in an NL4-3 backbone. Normalized to the average of subjectderived viruses, the mean replicative capacity for strain A (i.e., before month 4) was 35% of wild-type subject-derived virus isolates (range, 64 to 12%), while that for strain B (after month 4) was 8% (12 to 1.5%) of wild-type subject-derived virus isolates. The generally lower value for strain B was consistent with the observation of protease hypersusceptibility of this strain (data not shown), which has been associated with low replicative capacity (29) . These data show that the in vivo overgrowth of strain A by strain B was not a result of lower intrinsic replicative ability of strain A associated with drug resistance mutations in pol, raising the question of differential immune containment of the two viruses.
Coreceptor usage of strains A and B. Because the coreceptor usage of HIV-1 determines the cells that can serve as targets of infection and is associated with disease pathogenesis, the usages of strains A and B were determined by sequencing of the C2V3 region of Env. Clonal sequences obtained from the plasma were assessed for amino acids at positions 11 and 25 of V3, because CXCR4 coreceptor usage is determined by specific amino acid substitutions in the V3 region of env, notably basic amino acid substitutions (16) . Although the V3 loop sequences of the strains were distinct (12 clonal sequences each from the month 3 and month 12 time points, data not shown), 12 of 12 clones from strain A (month 3) and 11 of 12 clones from strain B (month 12) had serine at position 11. Similarly, 12 of 12 strain A and 11 of 12 strain B sequences had an acidic residue at position 25 (glutamic acid in strain A and aspartic acid in strain B). One strain B clone had asparagine at position 11 and another had asparagine at position 25, but no clone had negatively charged amino acids at both positions. Thus, there was no significant difference between the two strains with respect to predicted coreceptor usage, with both strains being the R5 phenotype.
Evolution of CD8 ؉ cellular immune responses suggesting differential recognition of the viruses. The initially low set point of viremia followed by the subsequent sharp increase (in the absence of antiretroviral therapy) suggested a change in immune control over time. We therefore analyzed the HIV-1-specific CD8
ϩ -T-lymphocyte responses by gamma interferon ELISPOT assays (Table 1) . Recognition of epitopes in Gag, Nef, and Vif was observed as early as 17 days after the onset of symptoms of acute infection. These early responses generally persisted during the subsequent 3 months, accompanied by broadening to recognize additional epitopes in Gag and Tat. However, after the fifth month, the early responses waned, and new responses were noted in Nef and Rev by the ninth month. Classifying CTL responses as those detected at the first time point ("early responses") or only afterwards ("late responses") demonstrated a clear pattern of evolution (Fig. 6) , with the magnitude of early responses declining consistently starting in the third month and the magnitude of late responses rising sharply starting in the fifth month. In the context of superinfection and overgrowth of strain A by strain B, these data strongly suggest that the initial CTL responses were specific to FIG. 2. Subject 2030 plasma virus phenotypic susceptibility to delavirdine, zidovudine, and nelfinavir over the first 12 months of infection. Changes (n-fold) in the 50% inhibitory concentration (IC 50 ) are plotted for delavirdine (DLV; squares), and zidovudine (ZDV; diamonds) using the y axis on the left and for nelfinavir (NFV; triangles) using the y axis on the right.
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strain A and poorly recognized strain B; while there was adaptive retargeting of responses, this retargeting was inadequate to contain strain B to the degree that the initial responses had contained strain A. Differences in strain A and strain B CTL epitopes. To examine whether sequence differences might account for differential immune control of the two viruses, regions targeted by CTL were sequenced from strains A and B ( Table 2 ). The in vivo viral sequences corresponding to the recognized screening peptides were compared in the context of the HLA type of the subject (A*03, A*24, B*35, and B*40). Of responses that exceeded 100 spot-forming cells (SFC)/10 6 CD8 ϩ T lymphocytes, the majority that waned after superinfection contained potentially significant differences in strain B compared to strain A. These differences included an insertion of four amino acids flanking a predicted epitope ( Table 2 , row 4) and changes within the TCR-binding region ( Table 2 , rows 6 and 8) or HLA-binding motif ( Table 2 , row 9) of the predicted epitopes in four of six examples. Two of these six examples ( Table 2 , rows 1 and 2) showed no difference between the strains. However, it is clear that this waning of the initial responses was not due to generalized immune deficiency, because a vigorous new response against Rev was generated after superinfection (Table 2, row 8). The recognized region of Rev contained two amino acid differences in the TCR-binding region of the predicted epitope in strain A compared to strain B, and the screening peptide was identical to strain B in this sequence. Furthermore, the persistence of an early response recognizing a predicted epitope that was identical in strains A and B (Table   2 , row 5) indicated that the decay of the early responses was selective. Overall, these findings are consistent with significant epitope differences in the two viruses having a central role in differential immune containment by CTL and persistence of the CTL response.
DISCUSSION
Previous studies of the evolution of the HIV-1 quasispecies within infected individuals led to the widespread belief that superinfection is a rare event (5, 10-13, 18, 27, 28, 31, 33, 34, 39, 42-48) . While dual infection was demonstrated to be possible (51), only recently have clear examples of superinfection emerged (2, 21) . These two cases demonstrated superinfection in subjects who underwent structured treatment interruptions with partial control of viremia, presumed to be immunologically mediated. Other recent studies, including a third case in which coinfection or superinfection occurred in the absence of therapy (23) , suggest that it can occur in the setting of natural infection without alteration of immunity by pharmacologic intervention. The case described here extends these novel findings and clearly documents superinfection after an initial infection reaching a stable set point in the absence of antiretroviral treatment as a confounding factor.
It is impossible to entirely exclude the possibility that a superinfecting strain was present as an initial coinfection. In the case of subject 2030, however, overgrowth by strain B occurred rapidly and completely once it was detected, showing that its overall growth advantage in vivo was great. If present during acute infection, this overgrowth should have occurred much earlier than 4 months after infection. This example is striking because superinfection was clearly documented after a stable viremia set point was established, in contrast to most published reports. The subject had developed a broad and stable CTL response to the first virus and reached an equilibrium of viremia, suggesting efficient immune suppression of viral replication. Strain B, which was highly genetically distinct from strain A, was detectable only at 4 months after primary infection, but it rapidly overgrew strain A with a substantial increase in viremia set point. A fitness assessment of the pol genes showed a lower replication capacity for strain B than strain A, suggesting that substantially greater intrinsic replicative fitness due to differences in pol was not the mechanism of this overgrowth. Although fitness differences due to genes other than pol have not been excluded, the high level of viremia during primary infection suggested that strain A was not generally defective in replicative capacity. Furthermore, an evaluation of coreceptor usage revealed that both strains were predominately the R5 phenotype, making it unlikely that a difference in tropism could account for differences in replication in vivo. This finding indicates that differential immune containment of strain B versus strain A could be the key factor.
Consistent with the report on immune responses of a subject who had superinfection after structured treatment interruption (2), we found that our subject had developed a stable and broadening repertoire of CTL responses against the initial virus, which failed to prevent or contain infection with the second virus. Sampling of epitope sequences revealed significant differences between the viruses, suggesting that the mechanism of immune failure was nonrecognition of the second strain. Strikingly, the majority of CTL responses decayed rapidly after superinfection, similar to the observed loss of CTL after epitope mutation and escape occurring in chronically infected persons (19) . Furthermore, while new CTL responses were detected after superinfection, these were fewer and failed to contain the second virus. This result could have been a consequence of the divergent sequence of the superinfecting strain or might imply a role for a mechanism, such as original antigenic sin (22) , limiting the adaptability of CTL responses after initial infection. The marked rise in viremia after superinfection is consistent with another detailed study of superinfection in the setting of immune control achieved by structured treatment interruption therapy in early infection (2) . This phenomenon is also reminiscent of the increased viremia that has been observed with escape occurring during natural infection (15, 32) and reinfusion of an ex vivo expanded CTL clone (24) and associated with SIV vaccine failure in macaques (6) . The ability of CTL to recognize the challenging viral sequences thus appears to be a crucial determinant of immune control.
Superinfection and loss of immune control in this subject, despite apparently effective CTL responses to the initial strain, may have serious implications for vaccine design. The determinants of an effective CTL response against HIV-1 remain unknown, and attempts to correlate the magnitude or breadth of the response (8) 
